Saccharomyces cerevisiae grown anaerobically in the absence of unsaturated fatty acids and sterol depleted its endogenous levels of these lipids by dilution as yeast numbers and mass increased. When the levels of unsaturated fatty acids and sterol reached approximately one-quarter those found in aerobically grown cells, the organisms stopped dividing; cells then ceased generating dry weight. Concomitant with this depletion of lipids was a decline in the protein-synthesizing activity of the cell. In mitochondria this was due to a loss of high molecular weight RNA. In the cytoplasm the effect was at the level of the ribosomes but was not due to loss of integrity of ribosomal or associated RNA, nor to a decrease in the ribosome/polysome complement. When oxygen was supplied, protein synthesis in mitochondria and cytoplasm was rapidly reactivated in the absence of cell growth. This reactivation was accompanied by a rapid resynthesis of unsaturated fatty acids and ergosterol.
INTRODUCTION
Membrane-ribosome interactions may have an important role in regulating protein synthesis in mammalian cells (Takagi, Tanaka & Ogata, 1970 ; and references therein) and bacteria (Hendler, 1965 ; Cundliffe, I 970) . In facultatively anaerobic yeast (Jollow, Kellerman & Linnane, 1968) and fungi (Gordon, Stewart & Clark-Walker, 1971 ) the lipid composition of cellular membranes can be altered by anaerobic growth under conditions of lipid limitation. In Saccharomyces cerevisiae grown to lipid depletion it has been proposed that mitochondrial protein synthesis is interrupted by the altered lipid status of the cell (Vary, Stewart & Linnane, 1970; Watson, Veitch, Haslam & Linnane, 1971) . However, promitochondria from lipid-depleted anaerobes have an unusual lipid composition (Paltauf & Schatz, 1969; , suggesting altered membrane properties. Isolation of these organelles in an intact or functional state may be difficult, and this could account for the results reported with isolated promitochondria by Watson et al. (1971) . A less equivocal approach to the question of the presence or absence of an active mitochondrial proteinsynthesizing system in cells is provided by the in situ method of assay of this activity described by Schatz & Saltzgaber (1969) and Schweyen & Kaudewitz (1970) .
In this communication we report the effects of variation of concentration of essential lipid on mitochondrial and cytoplasmic protein synthesis measured in situ, and compare the effects observed with measurement in vitro of a reconstituted cytoplasmic ribosomal system, The results suggest an intimate regulatory relationship between protein synthesis and cellmembrane composition in this organism.
previously (Vary, Edwards & Stewart, 1969) .
Measurement in vivo of promitochondrial protein synthesis
The method is similar to that described by Schatz & Saltzgaber (1969) . Cycloheximide to a final concentration of 10 ,ug/ml in oxygen-free solution was added to anaerobic cultures 15 min before harvesting. Organisms were then poured on to ice, harvested by centrifkgation at 2 "C, washed with cold cycloheximide solution (25 pglml), and resuspended at 5 to 6 mg dry wt/ml in 0.05 M-potassium phosphate, pH 6.0, containing I % galactose and 25 p g cycloheximide/ml. Yeast from aeration flasks was harvested in the same way. Erythromycin (5 mg/ml as Ilotycin, from Eli, Lilly and Co., Sydney, Australia) was added as indicated. Suspensions of organisms were shaken at 29 "C for 15 min under nitrogen, then 50 ,uCi ~- [4,5-~H] leucine (18 to 34 Ci/mmol) was added per 200 mI of suspension, and incubation continued under nitrogen for 15 min. Incorporation of label, which was linear for this time, was terminated by adding 2 ml of 70 mM-DL-leucine (unlabelled)/200 ml of yeast suspension, and immediately pouring on to ice. All subsequent steps were carried out at o to 4 "C, using solutions containing 25 ,ug/cycloheximide/ml. Organisms were harvested by centrifugation, washed once with water, once with 0.5 ~-sorbito1-20 mM-tris chloride (pH 7.4)-0-5 mMdisodium EDTA (STE), then resuspended in STE at 60 to 80 mg dry wt/ml. An equal volume of glass beads (0.5 mm) was added and the organisms broken in a Braun MSK homogenizer at top speed for 25 s with carbon dioxide as coolant. Breakage under these conditions was 60 to 80 %. Unbroken organism and debris were removed by centrifuging twice for 10 min at Iooog. Promitochondria were sedimented at 9000g for 20 min. The promitochondrial fraction was washed three times with STE, and resuspended in this buffer at approximately 10 mg proteinlml. The postmitochondrial supernatant was centrifuged at I 50 ooog for 60 min to yield a soluble or cytosol fraction.
Centrifugation of promitochondria on sucrose density gradients
Promitochondria were loaded on to 30 to 70 % (w/v) sucrose gradients containing 10 mMtris chloride-0.5 IBM-EDTA (pH 7.0)~ and centrifuged at 60000g for 60 min in a Beckman SW 25.1 rotor. Gradients were fractionated into I ml samples on an ISCO fractionator scanning at 254 nm. The extinction recorded was predominantly due to light scattering.
Determination of radioactivity
Bovine serum albumin (5 mg) was added to gradient fractions followed by 2 ml cold 0.5 M-trichloroacetic acid-7m~-leucine. Precipitated protein was washed once with trichloroacetic acid-leucine, and heated at 85 "C for 15 rnin in the same solution. The precipitate was washed twice with water, and resuspended in water. Portions were transferred to vials containing dioxane-naphthalene-PPO (Beckman) and assayed for radioactivity with correc-tion for quenching. Promitochondria and cytosol fractions were prepared for radioassay in the same way, except that serum albumin was not added.
Incorporation of labelled amino acid into cell protein
Samples containing approximately I o mg dry wt organisms suspended and pre-incubated in phosphate-galactose as described above, but without cycloheximide, were incubated for o to 10 min with 2 pCi ~-[4,5-~H]leucine (0.5 Ci/mol). Samples were removed at 2 min intervals and pipetted into 2 volumes of trichloracetic acid-leucine, heated at 85 "C for 15 min, washed again with trichloroacetic acid-leucine, then with acetone and resuspended in ethanolether (2: I, vlv). The organisms were heated for a further 15 rnin at 65 "C, washed with ethyl ether, dried, resuspended in water, a sample taken for dry weight estimation, and a further sample assayed for radioactivity as described above.
Extraction of @ids
Fatty acids and sterol were extracted and determined as described previously .
Extraction and fractionation of RNA RNA was extracted from promitochondria and the postmitochondrial supernatant of glutaraldehyde-fixed cells as described by Yu, Poulson & Stewart (1971) , except that the fixation period for lipid-depleted cells was decreased to 10 rnin at o "C.
Preparation of ribosomelpolysome fractions
Organisms were suspended in AMT ( IOO mM-ammonium chloride, 10 mM-magnesium chloride, 10 mwtris chloride; pH 7.6), containing 10 mM-mercaptoethanol, and broken for I 5 s at low temperature in a Braun MSK homogenizer. This method was found to be equal or superior to methods involving alumina grinding, or freezing and grinding in liquid nitrogen, as judged by the proportion of ribosomes recovered as polysomes. After decanting, the beads were washed with AMT-mercaptoethanol and the pooled homogenate and washings were centrifuged at 25000g for 20 min. Ribosomes were collected from the supernatant by centrifuging at 150000g for 60 rnin in a Beckman 50 rotor. The loosely packed portion of the pellet was washed off and the firm, gelatinous pellet was gently resuspended in AMTmercapt oethanol.
Soluble factors were prepared by adjusting the pH value of the postribosomal supernatant to 5-0 with acetic acid. After 30 rnin at o "C, the precipitate was sedimented (Ioooog, 5 min) and redissolved in AMT buffer. This fraction was most active when the cell homogenate was kept as concentrated as possible. 20 rnin at 30 "C, and at this time the reaction was stopped by adding 5 ml of 7-5 % (w/v) trichloroacetic acid in 33 % (v/v) ethanol, followed by 2 mg bovine serum albumin. Precipitates were processed as described for gradient fractions prior to determination of radioactivity. (-0-0-0-) , and from supplemented cultures ( 0 ) . The unsaturated fatty acid content of organisms from supplemented cultures was similar to that of aerobic organisms; the sterol content of supplemented cells was about onehalf that of aerobic organisms (cf. .
Measurement of amino acid incorporation by ribosomal systems

Assay procedures
Protein was assayed by the method of Lowry, Rosebrough, Farr & Randall (1951) , RNA by the method of Kerr & Seradairian (1g45), and ATPase (adenosine triphosphate phosphohydrolase, EC. 3.6. I .4) by the method of Kovac, Bednarova & Grekshak (1968) .
R E S U L T S
Growth physiology of anaerobic cultures Growth curves for lipid-depleted and lipid-supplemented anaerobic cultures are shown in Fig. I . Both cultures grew at the same rate initially, but division of yeasts in media lacking Tween 80 and ergosterol slowed considerably about 11 h after inoculation. This coincided with depletion of unsaturated fatty acids to less that 20 pg/mg dry wt (Fig. 2 ) compared with about 8opg/mg found in aerobically grown cells. Reduction of sterol content of the cells $ ER and EB indicate the presence of erythromycin (5 mg/ml) and ethidium bromide (50 pg/ml) respec--f SOL, cytosol.
tively during the labelling period.
followed a similar dilution pattern. In the 12 to 14 h after cell division ceased, cell mass approximately doubled (Fig. I) . By comparison, lipid-supplemented yeasts divided and grew continuously over the period observed, though not logarithmically (Fig. I ). There were only small changes in fatty acid levels (total and unsaturated) after growth in this medium, although there was a decline in sterol content to about one-half that found in aerobic cells ). The latter effect was not caused by insufficiency of sterol in the medium, and presumably reflected a diminished requirement for sterol under anaerobic conditions.
The viability of the two kinds of cultures, as shown by the capacity of the cells to exclude methylene blue (Gurr, 1965) , was different to the extent that, shortly after yeast mass ceased to increase in lipid-depleted cultures, yeast viability began to fall, whereas in supplemented cultures very few non-viable cells were detected during the period of the experiment (Fig. I) .
After about 24 h lipid-depleted cultures contained up to 20 % non-viable yeasts.
The capacity of cells to incorporate labelled leucine into protein was also measured throughout the growth cycle in the two types of cultures (Fig. 2) . In supplemented cultures, protein synthesis continued at a high, fairly constant rate; in depleted yeasts there was a decline in this activity which was slightly slower than the dilution rate of lipids in these yeasts. The increase in mean cell mass after cell division ceased in depleted cultures was thus similar to the unbalanced growth seen in bacteria when protein synthesis is inhibited (Shockman, 1965) . Fractions (I -0 ml) were collected from the 50 % sucrose region upwards, and assayed for radioactivity.
- Measurement of mitochondr ial and cytoplasmic protein synthesis Aerobic yeasts incorporated label extensively into both mitochondrial and soluble cytoplasmic protein (Table I) . A preferential labelling of mitochondrial protein was evident, similar to that described by Schatz & Saltzgaber (1969) and Schweyen & Kaudewitz (1970) . In the absence of cycloheximide, erythromycin inhibited labelling of mitochondrial protein by about 25 %, and of soluble protein by about 10 %. When labelling was carried out in the presence of cycloheximide, to inhibit the contribution of cytoplasmic synthesis to soluble and mitochondrial protein, a very high relative labelling of mitochondrial protein was seen. This preferential labelling of mitochondrial protein was inhibited more than 90 % by erythromycin. Ethidium bromide also inhibited mitochondrial protein synthesis.
Lipid-supplemented anaerobic yeast also incorporated label actively in the absence of cycloheximide (Table I) . However, the labelling of protein in lipid-depleted organisms was low regardless of the presence or absence of cycloheximide. The labelling of cell protein paralleled the labelling of cytosol protein, and thus provided a measure of activity of the cytoplasmic ribosomal system in situ. This was a consequence of the fact that the mitochon- drial system accounted for the synthesis of 10 % or less of mitochondria1 protein, or less than 2 % of the whole cell protein; the remainder in each case was apparently contributed by-the cytoplasmic ribosomes. Promitochondria prepared from lipid-supplemented anaerobes accounted for more than half of the oligomycin-sensitive ATPase in homogenates ( Table I) . In organisms pulselabelled with [3H]leucine in the presence of cycloheximide, there was substantial preferential labelling of the promitochondria, and this labelling was very sensitive to inhibition by erythromycin. The label was found to be associated with the less dense (1.15) and smaller of the two bands recovered from the gradients (Fig. 3a) .
Promitochondria from lipid-depleted anaerobes accounted for a proportion of the ATPase similar to that found in supplemented cells (Table I) but contained only trace amounts of isotope after pulse-labelling in the presence of cycloheximide (Fig. 3 b) . There was no significant effect of erythromycin on this labelling.
Efect of lipid-depletion on protein synthesis in vitro.
In order to define more precisely the reasons for loss of protein synthesis in depleted cells, ribosome and supernatant fractions were prepared from aerobic and from anaerobic lipiddepleted and lipid-supplemented cells, and the ability of the ribosomal systems to incor-porate amino acids into protein measured. Systems reconstituted from aerobically grown yeast or from yeast grown anaerobically with lipid supplements were both active : these were sensitive to cycloheximide, dependent on an energy source and on the soluble (PH 5 ) fraction ( Table 2) . Incorporation was linear for at least 20 min. The reconstituted system from yeast grown anaerobically without lipids on the other hand had little or no activity.
Comparison of the homologous and heterologous ribosomal and soluble fractions from lipid-depleted and lipid-supplemented cells (Table 3) indicated that the loss of activity was primarily an effect on the ribosomes, rather than on the soluble fraction, because considerable activity was obtained in mixtures of the soluble fraction from depleted yeast with ribosomes from supplemented yeast, provided that high molecular weight RNA was present. There was no significant stimulation by RNA when ribosomes from depleted yeast were used, and this would suggest that these cells are not inactive simply because of lack of messenger RNA. This is supported by analysis of the ribosome fractions of linear sucrose density gradients (Fig. 4) . Ribosome preparations from yeast grown anaerobically for 18 h in the presence or absence of lipid supplements contained very similar proportions of ribosomes and polysomes. Though not shown, aerobic organisms cultured to late logarithmic phase were similar in this respect to organisms cultured anaerobically. Amino acid incorporation was also measured in preparations of the membrane fraction sedimenting between 9000g and 250008 from anaerobic yeast. The activity of this fraction was not significant in either preparation.
R N A content and species of anaerobic organism A comparison of the total complement of ribosomes, as ribosomal RNA and tRNA, was made by estimating the total RNA in cell homogenates, followed by extraction and electrophoretic analysis on polyacrylamide gel (Loening, I 969) . There was no obvious difference in the amount of RNA, in the number of species of RNA, or the relative proportions of these species, with the possible exception of slightly smaller amounts of 4 S RNA in depleted cells (Fig. 5) . There was no significant degradation of the high molecular weight RNA. These results are consistent with those obtained from the analysis of the ribosomal species on sucrose density-gradients, discussed above, and suggest that no major quantitative or qualitative change in RNA content was brought about by lipid depletion.
R N A from promitochondria
When promitochondria were isolated from anaerobic organisms prefixed with glutaraldehyde (Yu et a?. I97I) , only promitochondrial fractions isolated from lipid-supplemented yeast contained RNA of mitochondrial origin (Fig. 6 b) . Promitochondria from lipiddepleted anaerobes contained only contaminating cytoplasmic species (Fig. 6 c) . The amount of mitochondrial RNA was somewhat smaller, compared with contaminating cytoplasmic RNA, in the supplemented anaerobes than could be recovered from mitochondria prepared in the same way from aerobic cells (Fig. 6a) .
Re-establishment of protein synthesis in anaerobic lipid-depleted
organisms by aeration The ready reversibility of the 'quiescent' state induced in cells by depletion of essential lipids could be demonstrated by exposure of these organisms to air for short periods. After aeration for 2 h, without significant growth in the cultures, cytoplasmic and mitochondrial protein synthesis as measured in situ were reinstated (Table 4) . Re-activation of protein synthesis in depleted organisms was also achieved when organisms were aerated after was fixed with glutaraldehyde for 10 min at o "C, and RNA was extracted from the cytoplasmic ribosomal fraction and subjected to gel electrophoresis for 2.5 h at 22 "C (Yu et al. 1972 ). Gels were washed in water for I h then scanned at 265 nm in a Joyce-Loebl Chromoscan. The RNA contents of the homogenates and ribosome fractions were determined by the orcinol method of Kerr & Seradairian (1945) . Cytoplasmic ribosomal species of RNA (25 S, 18 S) are denoted C1 and C2 respectively. (a) Lipid-depleted cells. (b) Lipid-supplemented cells. Fig. 6 . RNA from (pr0)mitochondria. Yeast grown anaerobically, as described in Fig. 4 , and yeast grown aerobically to early stationary phase on galactose were fixed with glutaraldehyde, disrupted mechanically, and promitochondria prepared, purified and extracted for RNA as described by Yu et al. (1972) . The RNA was subjected to gel electrophoresis for 2 h at 22 "C. resuspension in spent anaerobic media (i.e. media from which they had been harvested), or in phosphate-buffered galactose solution, indicating that the effect was not due to culture step-up. Associated with this re-activation of protein synthesis was a rapid increase in amount of unsaturated fatty acid and sterol (Table 4) . Though the proportion of fatty acids accounted for as unsaturated species after aeration for 2 h was similar to that found in aerobic cells, The remaining anaerobic organisms were resuspended in fresh media plus I % galactose at 5.0 mg dry wt/ml and aerated for 2 or 4 h in the presence of the inhibitors indicated. Some flasks were flushed with oxygen-free nitrogen for similar periods. At the end of this time, organisms were harvested and promitochondrial and whole organism labelling determined as described for anaerobic organisms. Samples were also taken and unsaturated fatty acids and ergosterol extracted and estimated. there was still substantially less total unsaturated fatty acid in these cells compared with aerobically cultured cells. When depleted organisms were treated in identical fashion to those in the aeration experiments, except that nitrogen replaced air as the gas phase, synthesis of unsaturated fatty acids or sterol was inhibited almost completely. Likewise, as long as air was rigorously excluded, there was no increase in the activity of the protein-synthesizing systems ( Table 4) .
The presence of cycloheximide during aeration completely inhibited development of activity of the mitochondria1 protein-synthesizing system ( Table 4) . Products of the cytoplasmic system thus appear to be required, and these would include ribosomal proteins as suggested by Davey, Yu & Linnane (1969) and by Kuntzel (1969) . Cycloheximide also inhibited synthesis of lipids during aeration, as reported previously (Gordon & Stewart, Erythromycin and ethidium bromide also inhibited development of activity of the mitochondrial system, while having little if any effect on development of the cytoplasmic system, However, these results need to7 be interpreted with caution because, though the organisms were extensively washed after the aeration phase of the experiment, it is possible that incomplete removal of these antibiotics before measurement of mitochondrial protein synthesis could account for the results seen (cf. Table I ). Neither of these antibiotics affected synthesis of sterols or unsaturated fatty acids.
1970.
DISCUSSION
A satisfactory explanation for the loss of protein synthesis on cytoplasmic ribosomes as depletion of lipids occurs is not immediately available. Lucas, Schuurs and Simpson (1964) reported that the activity of the cytoplasmic ribosomal system of yeast declines as organisms pass into late-logarithmic phase. This decline in activity is accompanied by a precipitous decline in the amount of RNA in the cell, and with cessation of synthesis of RNA. In lipiddepleted organisms, loss of activity in the cytoplasm seems to be primarily caused by a defect in the ribosomes, but is not caused by loss of integrity of ribosomal or associated RNA, nor by decrease in the ribosome/polysome complement. Furthermore, the loss of ability to synthesize protein is rapidly reversed by exposure of organisms to oxygen in the absence of significant growth. Synthesis of unsaturated fatty acids and sterol proceeds rapidly under theseconditions. Theeffect of lipid depletion on protein synthesis in thus apparently not aconsequence of the cessationof growth and division of organisms as such, but of their lipid status.
The activity of membrane-associated protein synthesis is very low in both types of anaerobic organism, and this, together with electron-micrograph evidence indicating a paucity of membrane-associated ribosomes in yeast cells (Matile, Moor & Robinow, I 969), suggests that, quantitatively at least, membrane-associated protein synthesis is not well developed in this organism. An explanation of the tight control of protein synthesis by lipid level might lie in a more subtle effect of lipid depletion, for instance on the synthesis of regulatory species of RNA, such as specific types of RNA or of modulating tRNA.
While cytoplasmic RNA appears to be stable in lipid-depleted organisms, mitochondrial RNA clearly is susceptible to the altered lipid status of the organism and organelle. Its absence could conceivably be due to loss during preparation and purification of the mitochondrial fraction, particularly if the altered lipid composition results in greater fragility of the organelle. Alternatively, the absence of RNA from depleted mitochondria may be a consequence of either membrane-dependent regulation of RNA synthesis (Forrester, Watson & Linnane, 1971) , or rapid turnover in the absence of synthesis (Attardi et al. 1971) .
Aeration of lipid-depleted organisms resulted in a rapid reversal of the effects of lipid depletion on mitochondrial and cytoplasmic protein synthesis. Relevant to the findings of Vary et al. (1970) is the fact that significant mitochondrial activity was not seen after aeration in the presence of erythromycin, whereas development of activity of the cytoplasmic system was apparently unaffected. Also, complete development may take 4 h or more, so that interference with the activity of the mitochondrial system up to this time may cause incomplete or altered subsequent development of the organelle (Vary et al. 1970) .
Note added in proof. Groot, Rouslin & Schatz, I972 (Journal oJ'Biologica1 Chemistry 247, I 735-1742) have recently reported that erythromycin inhibits incorporation of leucine into protein in yeast cells by inhibiting uptake of the amino acid. The erythromycin glucoheptonate used in the present study had little effect on amino acid incorporation into cytosol protein ( Table I) and thus is an acceptable inhibitor of mitochondrial protein synthesis measured in situ with this organism.
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